Introduction
Patients with early HIV-1 infection commonly develop an immunologic thrombocytopenia (HIV-1-ITP) 1 with shortened platelet survival. 2 Early onset HIV-1-ITP is clinically indistinguishable from classic autoimmune idiopathic thrombocytopenia (AITP) and responsive to the same therapeutic agents used to treat AITP. 1, [3] [4] [5] [6] However, HIV-1-ITP is different from AITP with respect to markedly elevated platelet-associated IgG, IgM, C 3 , and C 4 and the presence of serum circulating immune complexes (CICs) composed of the same. 3, 4 These CICs also contain specific high-affinity IgG1 antibody (Ab) against the platelet glycoprotein IIIa (GPIIIa) integrin, 7 its anti-idiotype blocking Ab, 8 and platelet fragments. 9 Unlike classic AITP in which multiple Abs have been described with different specificities for platelet GPIIb, GPIIIa, and GPIb, 6 patients with HIV-1-ITP have an IgG1 Ab against an immunodominant epitope, GPIIIa49-66 (CAPESIEFPVSEAREVLED). This Ab induces thrombocytopenia in mice (mouse GPIIIa has 83% sequence similarity with human GPIIIa and macrophages with Fc receptors capable of clearing human IgG1) and correlates inversely with platelet count in HIV-1-ITP patients (r ϭ Ϫ0.71). 7, 10 Platelet affinity-purified antiplatelet Ab reacts predominantly with platelet GPIIIa following immunoprecipitation of 125 I-labeled surface antigens from a platelet lysate, and more than 85% of platelet-reactive Ab is absorbed onto and eluted from a GPIIIa49-66 affinity column. 10 This Ab is particularly unique in that it induces complement-independent platelet fragmentation in vitro and in vivo by the generation of peroxide through a newly described platelet nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, 9 interacting with platelet 12-lipoxygenase to produce 12(S)-hydroxyeicosatetraenoic acid (HETE). 11 It is therefore of particular interest to determine how this Ab is induced in HIV-1 infection.
Molecular mimicry describes antigen sharing between host and parasite. Because of the immunodominant specificity of this Ab we chose to examine whether molecular mimicry might be the mechanism for HIV-1-ITP. Using a filamentous phage surface display 7-mer peptide library we screened for peptides reactive with a rabbit as well as human anti-GPIIIa49-66 Ab. The 10-mer HIV-1 peptides were synthesized from knowledge of the positivereactive phage peptides. These peptides were then examined for their ability to inhibit human anti-GPIIIa49-66-induced platelet oxidation/fragmentation and compared to Ab inhibition by its immunodominant epitope, GPIIIa49-66. They were also examined for their ability to raise rabbit Ab capable of inducing platelet fragmentation as well as passive Ab-induced transfer of thrombocytopenia in mice.
was obtained from Molecular Probes (Eugene, OR). The anti-HIV-1 sera immunoblot kit was obtained from Immunetics (Boston, MA).
Mice
Female Balb/C mice were obtained from Taconic Farms (Germantown, NY). Animal work was approved by the New York University Medical Center Institutional Review Board.
Antibodies
Patient sera were obtained from early onset HIV-1-infected thrombocytopenic patients without AIDS and control subjects (healthy laboratory personnel). These studies were approved by the New York University Medical Center Institutional Review Board. Rabbit Ab against GPIIIa49-66 was produced as described previously. Human Ab was isolated from polyethylene glycol (PEG)-precipitable immune complexes, 7 and affinity purified on a GPIIIa49-66 affinity column. 9 Rabbit Ab was raised against mimicry HIV-1 peptides coupled to KLH or the phage itself. The sera were purified and affinity purified, as described.
Peptides
Peptides were synthesized by Bio-synthesis (Lewisville, TX). Peptides not cited in Table 1 are a variant nef (60-71) peptide H19R3 (QEGEEVSFPVK) (accession no. CAA13487) and a variant gag (25-30) peptide PHC39 (GKNHYMLKHL) (GenBank accession no. AAL34661) as well as a relatively conserved irrelevant env peptide (517-526) Env (GIGALFLGFL) (GenBank accession no. AAQ98126).
Assay of platelet particle formation
Whole blood was collected into 5.2 mM EDTA (ethylenediaminetetraacetic acid) and platelet-rich plasma (PRP) prepared by centrifugation at 200g for 5 minutes. Gel-filtered platelets were obtained by adding PRP to a Sepharose 2B column preincubated with Tyrode buffer, pH 7.4. Platelets (10 8 /mL) were labeled with 10 g/mL of an anti-CD61-fluorescein isothiocyanate (FITC) monoclonal antibody (mAb) for 30 minutes at 4°C. Cells were then centrifuged at 1000g for 6 minutes at room temperature and resuspended in Tyrode buffer. Then 10 L of platelet suspension (10 6 platelets) was incubated with 10 L anti-GPIIIa49-66 Ab (containing 2.5 g) and 80 L Tyrode buffer for 4 hours at 37°C and stored in an ice bucket prior to measurement of platelet particles. Fluorescent-labeled platelets/ particles were measured by flow cytometry using a FACScan (Becton Dickinson Immunocytometry Systems, Mountain View, CA). Gates were adjusted for platelets by exclusion of other blood cells. Fluorescent-labeled intact platelets were monitored in the right upper quadrant with the y-axis measuring forward scatter and the x-axis measuring fluorescence. A shift in fluorescent particles from right upper quadrant to left upper quadrant and left lower quadrant reflected the percentage of platelet particle induction of 10 000 enumerated platelets/particles.
Assay of platelet oxidation
Gel-filtered platelets were loaded with 10 M DCFH-DA for 30 minutes at 37°C as described and challenged with platelet Ab. Oxidation was quantified by measuring the increase in mean fluorescence by flow cytometry. 9 
Screening of the phage display peptide library
The PhD-7 phage library was obtained from New England Biolabs (Beverly, MA). This is a combinatorial library of random 7-mers fused to a minor coat protein (pIII) of M13 phage and capable of detecting 1.3 ϫ 10 9 random 7-mer peptide sequences. Anti-GPIIIa49-66 Ab was incubated with the phage in solution and Ab complexes coupled with alternating protein Aor G-conjugated agarose beads to avoid fortuitous selection of peptide sequences specifically binding to protein A or G. Protein A beads were washed with TBST buffer (Tris [tris(hydroxymethyl)aminomethane] buffer 50 mM, NaCl 150 mM, Tween 0.1%, pH 7.5) and blocked with TBST ϩ 1% bovine serum albumin (BSA). Then 2 ϫ 10 11 phage virions (10 L of supplied library) and 300 ng anti-GPIIIa49-66 Ab were diluted in a final volume of 200 L with TBST and incubated at room temperature for 20 minutes. The phage Ab mixture was then transferred to a tube containing washed agarose beads for 15 minutes. The agarose beads were washed 10 times with TBST and bound phage eluted with 0.2 M glycine-HCl, pH 2.2, and 1 mg/mL BSA for 10 minutes at room temperature. The eluate was immediately neutralized with Tris-HCl (pH 7.4). The eluted phage was then amplified in Escherichia coli ER2738. The amplified phage eluates were titered on LB/IPTG/Xgal plates and the titer, derived from the number of blue clones, used to calculate an input volume corresponding to 2 ϫ 10 11 pfu for the next round of panning. In the next round, protein G-agarose beads were used instead of protein A, and the Tween concentration raised in the binding and wash steps to 0.5% (vol/vol). The third round of panning was with protein A agarose beads with the Tween concentration kept at 0.5% (vol/vol) in the binding and wash steps. After the third round of panning, 20 clones were randomly selected for sequencing. Phage peptide sequences were analyzed for sequence similarity to other proteins using the BLAST algorithm of the Blast program and the database of the National Center for Biotechnology Information (NCBI). Antigen sequence similarities of HIV-1 peptide sequences available in the database were analyzed.
Results

Defining the epitope
To better determine the GPIIIa49-66 epitope, we synthesized a peptide within the middle of this GPIIIa fragment, 52-60 (ESIEF-PVSE), and tested for its ability to block anti-GPIIIa49-66-induced platelet fragmentation. Peptide GPIIIa52-60 was as effective as GPIIIa49-66, further defining the limits of the epitope (data not shown).
Panning with a 7-mer combinatorial phage display peptide library
The first series of panning with rabbit anti-GPIIIa49-66 identified 3 peptide clones with close sequence similarity to GPIIIa49-66, as expected: SIEFPTS (Table 1 , column 2, line 1) as well as 4 of the peptides not shown: IEWPVSD, TIEFPVA, VEFPVSD, NEFPVS. Nine others (Table 1 , column 2) showed sequence similarity with HIV-1 proteins: envelope glycoprotein (clones PHC31/PHC35/ PHC37, PHC36); polymerase protein (PHC32); nef protein (PHC34/ HR1, H19R3, H20R1, H20R4); and gag protein (PHC39), as determined from the NCBI database. PHC33 and PHC38 had no sequence similarity with either HIV-1 or GPIIIa49-66. This is 
CROSS-REACTIVE
due to the use of a polyclonal Ab to screen the phage peptide library. Preliminary studies were performed with 3 intact phage peptides that had sequence similarity with HIV-1 peptides from nef (clones PHC34 and H20R1) and gag (PHC39). All 3 inhibited about 50% human platelet lysis at phage dilutions of 1:00 ( Figure  1A ), whereas 2 irrelevant phages showed no inhibition at dilutions of 1:3 ( Figure 1B ).
Properties and specificity of mimicry HIV-1 peptides with GPIIIa49-66 peptides
The HIV-1 counterparts of the phage peptide are shown in Table 1 . The 7 HIV-1 peptides were then tested for their ability to inhibit human Ab-induced platelet lysis in vitro and compared to inhibition by GPIIIa49-66 and GPIIIa52-60 peptides. All 7 HIV-1 mimicry peptides inhibited Ab-induced human platelet lysis significantly at about an inhibitory concentration of 50% (IC 50 ) molar Ab/peptide ratio of 1:5, whereas irrelevant peptide (CVGKML-CKAK) had no effect (Figure 2) . Similarly, no effect was observed with 2 other variant peptides of the active inhibitory peptides H19R3 (nef) or PHC39 (gag), nor an HIV-1 peptide derived from a relatively conserved envelope protein region (GIGALFLGFL), (514-523), as shown in Figure 3 . Studies were next performed with 3 different human HIV-1-ITP anti-GPIIIa49-66 Abs to ensure further specificity. The phage clones obtained with rabbit antiGPIIIa49-66 were repanned with the human anti-GPIIIa49-66. Four of 9 clones obtained showed close sequence similarity with wild-type nef (clones HR1, H20R1, H20R4, H19R3). Two were tested (clones H20R1, H19R3) and showed similar IC 50 values as the previous group (Table 1) .
Properties of rabbit Ab raised against the HIV-1 peptides
To establish proof of concept, it was necessary to demonstrate that Ab raised against these molecular mimicry HIV-1 peptides could induce platelet fragmentation and oxidation in vitro and thrombocytopenia in vivo. Rabbit Abs were raised against a series of mimicry HIV-1 peptides as well as their intact phage peptide counterparts. Because of the numerous peptides, batches of 4 were immunized together: batch 1096 HIV-1 10-mer peptides (PHC31, 32, 34, and 39), batch 1098 HIV-1 10-mer peptides (PHC31, 32, 34, and H20R1), and batch 1099 phage 7-mer peptides (PHC 36, 39, H19R3, and H20R1). All 3 rabbit Abs strongly induced fragmentation (Figure 4 top panel) and oxidation (Figure 4 bottom panel) of gel-filtered human platelets, in a similar manner as human antiGPIIIa49-66 Ab (28% versus control IgG of 2%). This activity could be removed (86% Ϯ 1%) by absorbing the Abs with the peptides used to raise the Ab, whereas no activity was removed with envelope protein peptide Env (GIGALFLGFL), indicating specificity.
We hypothesized that we would find several mimicry HIV-1 peptides capable of inhibiting Ab-induced platelet oxidation/ fragmentation because (1) they were derived from their similar sequence with panned phage peptides against the same Abs capable of inducing platelet oxidation/fragmentation and (2) HIV-1 proteins are continually mutating in the host. It was therefore necessary to determine whether these mimicry HIV-1 peptides were pathophysiologically relevant. This was achieved by demonstrating that the rabbit Ab derived from these mimicry HIV-1 peptides reacted with intact HIV-1 proteins capable of being Figure 1 ). Ⅺ and f refer to preincubation with molar peptide/Ab ratios of 1:100 and 1:10, respectively. C indicates control IgG; P, patient IgG; Ph, phage peptide PHC39; HR3, HIV-1 wild-type peptide HI9R3; PHR3 and P39, reported polymorphic peptides of HI9R3 and PHC39, respectively (Table 1) ; Env, irrelevant conserved region of env (514-523). Nϭ4. SEM is given.
detected in a similar manner as patient anti-HIV-1 sera as detected by immunoblot ( Figure 5 ). Figure 6 demonstrates passive transfer of thrombocytopenia into mice with the same rabbit antimolecular mimicry peptide Abs, in a similar manner as patient anti-GPIIIa49-66 Ab. No effect was noted with control IgG.
Effect of rabbit Ab against HIV-1 molecular mimicry peptides on induction of thrombocytopenia in mice
Database for HIV-1 epitopes
The epitope significance of the cross-reactive wild-type HIV-1 peptides with anti-GPIIIa49-66 Ab was further examined by searching the HIV-1 database at the Los Alamos National Library for human or mouse Abs that have been generated from patients or mice immunized with intact HIV-1 proteins. 12 Three of the 7 HIV-1 peptides (PHC34/HR1, PHC39, H19R3) are located in known epitope regions of nef and gag HIV-1 proteins. This would be an underestimate because reported epitopes are from vaccine or other immunization studies that may not reflect all naturally occurring epitopes.
Discussion
Evidence indicates that molecular mimicry may contribute to autoimmune disease in HIV-1 infection. It has been suggested that this mechanism could protect invading microorganisms from the immune response of the host. 13, 14 Indeed it can be argued that HIV-1 is continuously undergoing mutation at its nonconservative region to mimic host protein. Autoantibodies with various specificities arise during early HIV-1 infection in association with persistent activation of the immune response. Protein sequences shared between humans and HIV-1 protein have been reported supporting the argument for molecular mimicry. [15] [16] [17] [18] [19] Previous studies from our laboratory on the presence of an immunodominant epitope, GPIIIa49-66, on platelets have suggested a role for molecular mimicry in HIV-1-related thrombocytopenia. 6, 7 The presence of a relatively high-affinity Ab against GPIIIa49-66 7 suggested that the Ab was generated by antigendriven B-cell clonal expansion. We therefore reasoned that mimicry epitopes from HIV-1 protein or other opportunistic bacterial, viral, or fungal protein could be responsible for the generation of such an Ab.
Cross-reactivity between viral antibodies and platelets has previously been reported. These include anti-HIV-GP160/120 20 and anti-HIV p24 21 for platelet GPIIb/IIIa and anti-varicella zoster virus (anti-VZV) 22 for platelets. However, cross-reactive linear epitopes were neither defined nor found. 23 Nevertheless, these observations support our present data that specifically define the cross-reactive platelet-HIV epitopes on GP120, as well as other HIV-1 proteins, gag and nef, and demonstrate that these crossreactive Abs can induce thrombocytopenia in vivo through the oxidation and fragmentation of platelets.
Our present results clearly make a strong case for molecular mimicry.
(1) Affinity-purified rabbit as well as human anti- Our present results are also supported by the work of others.
(1) Two of the 3 mimicry epitopes (PHC34/HR1 and H19R3) are located in variant regions of nef having no secondary structure and shown by Schneider et al 17 to be distinct epitopes of nef following intact protein immunization and that 3 of 10 anti-HIV-1 human sera react with the same epitopes. This region maps in the predicted similar sequence region between nef and HLA class II. 17 (2) A recent report by Kiepiela et al 24 on the influence of HLA-B in the coevolution of HIV and HLA has revealed that the nef mimicry epitopes PHC34/HR1 and H19R3 are highly immunogenic and T-cell responsive. These observations were derived from a study of T-cell responsiveness in 375 HIV-infected subjects using a panel of 410 overlapping synthetic peptides spanning the HIV genome.
These data support the role of a variant mutation region of nef at amino acid position 60-73 as being responsible for the autoimmune thrombocytopenia in some patients with HIV-1-ITP. Our data also support the concept that other such variant mutations or nonconserved regions of HIV-1 may also be responsible in other patients. It is of interest that all 7 HIV-1 peptides are located in the highly mutated region of HIV-1 proteins. It has been suggested that HIV is continuously undergoing mutations in the nonconserved region to mimic host protein and escape host immune surveillance. It is likely that these mutations may contribute to the susceptibility of thrombocytopenia in patients infected with HIV-1.
Our data on Ab cross-reactivity between known epitope regions of HIV-1 proteins and platelet GPIIIa49-66 support our observation that anti-GPIIIa49-66 is an immunodominant Ab in HIV-1-ITP and provides proof for molecular mimicry being responsible for HIV-1-ITP.
